The present paper focuses on the application of the base station cooperation (BSC) technique in fractional frequency reuse (FFR) networks. Fractional frequency reuse is considered to be a promising scheme for avoiding the inter-cell interference problem in OFDMA cellular systems, such as WiMAX, in which the edge mobile stations (MSs) of adjacent cells use different subchannels for separate transmission. However, the problem of FFR is that the cell edge spectral efficiency (SE) is much lower than that of the cell center. The BSC technique, in which adjacent BSs perform cooperative transmission for one cell edge MS with the same channel, may improve the cell edge SE. However, since more BSs transmit signals for one cell edge MS, the use of BSC can also increase the inter-cell interference, which might degrade the network performance. In this paper, with a focus on this tradeoff, we propose an adaptive BSC scheme in which BSC is only performed for the cell edge MSs that can achieve a significant capacity increase with only a slight increase in intercell interference. Moreover, a channel reallocation scheme is proposed in order to further improve the performance of the adaptive BSC scheme. The simulation results reveal that, compared to the conventional FFR scheme, the proposed schemes are effective for improving the performance of FFR networks.
Introduction
Orthogonal frequency-division multiple access (OFDMA) is considered to be a promising technique for downlink transmission in the next generation mobile communication systems, such as 3GPP LTE [1] and WiMAX [2] . One reason for this is that efficient subcarrier allocation enables OFDMA to provide a high data rate, thereby benefiting from multi-user diversity. In addition, the use of OFDMA can also reduce the influence of multi-path channels. However, OFDMA is sensitive to inter-cell interference. In a multicell environment, if the frequency resource is universally reused in each cell of the network, two adjacent cells may use the same subcarrier, which might cause inter-cell interference and severely degrade the cell edge capacity. Meanwhile, traditional frequency reuse schemes, such as the use of a reuse factor of 3, can reduce the inter-cell interference and improve the cell edge signal-to-interference-plus-noise ratio (SINR). However, the accessible frequency resource is also reduced for each base station (BS), which may decrease the spectral efficiency (SE) of the entire network. Several schemes of inter-cell interference mitigation are currently being considered in OFDMA networks, such as fractional frequency reuse (FFR) [2] and soft reuse [3] , and FFR is considered to be a promising scheme for multicell OFDMA systems. The concept of FFR is based on the partial reuse proposed for time-division multiple access (TDMA) cellular systems [4] . Partial reuse adopts different reuse factors for the cell center and the cell edge. A low reuse factor is adopted for the cell center mobile stations (MSs), whereas a high reuse factor is adopted for the cell edge MSs. This can allow the edge MSs of adjacent cells to use different subchannels for separate transmission without inter-cell interference. Thus, FFR can achieve a much higher network capacity compared to traditional frequency reuse schemes and can simultaneously reduce inter-cell interference compared to a reuse factor of 1. However, since the cell edges use a higher reuse factor, the cell edge SE may be significantly degraded compared to the cell center. Therefore, it is necessary to increase the cell edge SE, which may be possible using the base station cooperation (BSC) technique.
In the BSC scheme, one BS can transmit signals to MSs of neighbor cells, and adjacent BSs can perform cooperative transmission for one MS using the same channel. It has been shown that the use of BSC can significantly improve the capacity of cell edge MSs [5] - [8] . As yet, no disadvantages of using BSC have been reported. In FFR networks, since different subchannels are allocated to the edge MSs of adjacent cells, the subchannels can be reused by neighbor BSs to realize BSC. However, compared to the conventional FFR scheme, since more BSs transmit signals for one cell edge MS, more inter-cell interference may occur throughout the entire network, which might lead to decreased capacity of other cell edge MSs, and, as a result, the total SE at cell edges may decrease. Therefore, in this paper, focusing on this tradeoff, we first investigate the effect of BSC in FFR networks to show that the use of BSC is not always effective for improving the performance of FFR networks. Based on these findings, we propose an adaptive BSC scheme and a channel reallocation scheme to improve the cell edge SE and the fairness of FFR networks.
The remainder of the present paper is organized as follows. Section 2 describes the FFR scheme and the BSC technique. Section 3 describes a computer simulation to evaluate the performance of BSC in a 19-cell OFDMA network. Section 4 evaluates the proposed adaptive BSC Copyright c 2010 The Institute of Electronics, Information and Communication Engineers scheme and channel reallocation scheme by a computer simulation. Finally, Sect. 5 presents our conclusions and future work.
Fractional Frequency Reuse and Base Station Cooperation
In this section, we describe the FFR scheme and the BSC technique.
Fractional Frequency Reuse (FFR)
Fractional frequency reuse [2] is based on the reuse partitioning proposal for TDMA cellular systems [4] . Fractional frequency reuse divides the entire cell into the cell center and the cell edge, and performs time-division transmissions between the cell center and the cell edge in order to achieve high system capacity. For example, as shown in Fig. 1 , transmissions of the cell center and cell edge MSs occur during two separate time intervals. In the first time interval, the cell center MSs use the total bandwidth F all for their transmissions, with a reuse factor of 1, throughout the entire network, whereas, for the cell edge MSs, the total bandwidth is divided into three subbands: F 1 , F 2 , and F 3 , and in the second time interval the edge MSs of each cell use only one subband for their transmissions, with a reuse factor of 3, throughout the entire network. Considering the fairness among cells, it is appropriate to assume that F 1 , F 2 , and F 3 have the same bandwidth. Using the FFR scheme, cell center MSs that have high SINR can achieve high cell capacity with a short reuse distance. For cell edge users, inter-cell interference can be reduced, and each BS can determine the subchannel allocation freely without any coordination among BSs. However, since the accessible frequency resource of each BS is reduced for cell edge MSs, the cell edge SE may be significantly degraded compared to that of the cell center.
Base Station Cooperation
In conventional cellular systems, one base station transmits signals to the MSs in its own cell without regard to the MSs in adjacent cells. Inter-cell interference can be mitigated by using different frequencies between adjacent cells, but this decreases the spectral efficiency. Therefore, in recent years, the BSC technique, which can increase the cell edge capacity without inter-cell interference, is proposed [7] . As shown in Fig. 2 , two adjacent BSs that are connected to a central control unit (CCU) can share the data and transmit signals simultaneously. In this case, BS 1 and BS 2 can use the subchannel F 1 to perform cooperative multiple-input multipleoutput (MIMO) transmission for MS 1 that has multiple receiving antennas. This is referred to as the BSC technique. The BSC technique can significantly increase the capacity of cell edge MSs [5] - [8] . 
Performance Evaluation in the Multi-Cell Model
In this section, we investigate the effectiveness of BSC in multi-cell networks with FFR through a computer simulation. First, the system model and assumptions are described. We then evaluate the cell edge SE, fairness, and average interference power per MS in the system.
System Model and Assumptions
As shown in Fig. 3 , we consider a multi-cell network that is composed of 19 cells in which the users are uniformly randomly distributed, and the FFR scheme described in Sect. 2.1 is applied in the network. Each BS uses directional antennas, and each cell is divided into six sectors. The antenna gain of the BS in the direction of the desired sector is 20 dB higher than that in other directions. For each cell, there is a cell edge area borderline between the BS and the cell edge, which divides the entire cell into two equal-area parts: the cell center and the cell edge, as assumed in [9] . In addition, all of the BSs are connected to a single CCU. There are totally 18 subchannels, and each sector uses three subchannels for the cell center MSs, and one subchannel for the cell edge MSs, as shown in Fig. 3 . In the figure, F 1,1 is one subchannel, and F all,1 represents a subband that consists of three subchannels. Each BS has one antenna in each sector, and each MS has two receiving antennas. The transmission power is assumed to be equal for each subcarrier, and one subchannel is defined as a fixed number of subcarriers. In order to achieve the best network performance, the maximum sum rate (MSR) scheme is used for subchannel allocation in the simulation, where the subchannel is allocated to the MS with the highest capacity in each sector [10] . When using BSC, for any cell edge MS using a subchannel, the CCU will first find the nearest neighbor BS for the MS according to the signal strength of each BS from the MS. The neighbor BS then checks whether the subchannel to be used is free and informs the CCU as to the status of this subchannel. If the subchannel is free, then the CCU will issue an instruction of cooperative transmission to the two BSs. After that, the neighbor BS will reuse the subchannel of the source BS, and performs cooperative MIMO transmission for the cell edge MS with the source BS, as shown in Fig. 2 . Table 1 shows the related simulation parameters. In the simulation, we investigate the capacity performance with different cell edge SNR which is defined as the SNR at the cell edge when the base station transmits a signal without cooperative transmission and any interference. In this case, from the path loss exponent, we can use the cell edge SNR to calculate the ratio of the transmission power to the noise power, which is necessary for calculating the capacity. Therefore, the parameters of the transmission power and the noise power are not necessary here.
Modeling of the Downlink Capacity
Let h b 1 and h b 2 denote the complex channel gains on either antenna of the MS. When BSC is not used, we assume that maximal ratio combining is performed at the MS. The capacity of the MS can then be expressed as
where I is the average interference power, N is the noise power, and P is the total transmission power for one subchannel. When using BSC, the neighbor BS performs cooperative MIMO transmission with the source BS for a cell edge MS using the same subchannel. Here, we assume that the BSs do not have the channel-state information and that both of the BSs use half of the total transmission power. The capacity of the cell edge MS with BSC can be expressed as follows [8] :
where
where I 2 denotes the identity matrix of size 2, h denote the complex channel gains of cooperative BS.
Capacity Fairness
In this paper, we use the Jain fairness index to measure the fairness among all communicating MSs in the network. The Jain fairness index can be expressed as follows [11] :
where C i is the capacity of MS i, and n is the total number of the communicating cell center and cell edge MSs. A fairness index of 1 indicates the highest fairness, where all communicating MSs achieve the same capacity. Lower values of the fairness index indicate significant capacity differences among the communicating MSs.
Simulation Results
We investigate the cell edge SE and fairness for different cell edge SNRs. Figures 4, 5 , and 6 show the cell edge SE, the average Jain fairness index among all communicating MSs, and the Interference-to-Noise power Ratio (INR) per MS, respectively. In these figures, "FFR" indicates the conventional FFR scheme, whereas "FFR+BSC" indicates the FFR scheme used in conjunction with the BSC technique. As shown in Fig. 4 , when the cell edge SNR is low, BSC cannot improve the cell edge SE compared to the conventional FFR scheme. The reason can be explained as follows:
When the cell edge SNR is low, using BS cooperative MIMO transmission can hardly increase the capacity of the MS. This is because when the average SNR is low, most of the advantage of the MIMO comes only from diversity as mentioned in [12] , and the capacity almost depends on the SNRs from the two BSs. Note that we assume that both of the BSs use half of the total transmission power, thus the total SNR at MS will not increase compared to the case without BSC. Therefore, in this case, using BSC cannot be very effective in increasing the MS's capacity. However, since more BSs transmit signals for one cell edge MS when BSC is used, more inter-cell interference may occur throughout the entire network as shown in Fig. 6 , and this may decrease the capacity of other cell edge MSs that use the same subchannel. Therefore, the cell edge SE decreases. However, when the cell edge SNR is high, using MIMO does not only benefit from diversity but also spatial multiplexing as mentioned in [12] . In this case, the increase in capacity achieved by using BS cooperative MIMO transmission is higher than the decrease in capacity caused by the increased inter-cell interference. As such, the cell edge SE increases. Therefore, BSC can improve the cell edge SE, compared to the conventional FFR scheme, only when the cell edge SNR is high. Figure 5 indicates that when the cell edge SNR is high, using BSC can improve the fairness of FFR networks. This is because the fairness index is determined to a large extent by the capacity differential between the cell center and cell edge MSs. When the cell edge SNR is high, BSC can improve the capacity of cell edge MSs, which can reduce the capacity difference among all MSs in the network. However, when the cell edge SNR is low, BSC cannot improve the fairness of FFR networks.
Adaptive BSC in FFR Networks
In Sect. 3, the simulation results reveal that using BSC does not always improve the cell edge SE, especially when the cell edge SNR is low. Therefore, we next consider an adaptive BSC scheme in which BSC is only performed for some special MSs. In this section, we first describe the proposed adaptive BSC scheme. We then describe subchannel reallocation for the adaptive BSC scheme. Finally, we evaluate the cell edge SE and fairness in order to demonstrate the performance improvement.
Adaptive BSC Scheme
The system model and simulation parameters described in Sect. 3 are also used for the adaptive BSC scheme. Figure 7 illustrates the operational flow chart of the adaptive BSC scheme, and here the subchannels have already been allocated to the MSs in each sector according to the MSR scheme mentioned in Sect. 3.1. For a cell edge MS using a subchannel, the CCU will find the nearest neighbor BS for the MS according to the signal strength of each BS from the MS. The neighbor BS then checks whether the subchannel to be used is free and informs the CCU. In order to investigate the maximum performance of the adaptive BSC scheme, the CCU is assumed to have perfect knowledge with respect to the capacity of each MS without any overhead. If the subchannel is not free, then the subchannel will not be used for BSC. If the subchannel is free, then the CCU will compare ΔC in and ΔC de , where ΔC in denotes the capacity increase of the cell edge MS as a result of using BSC and ΔC de denotes the summation of the capacity decrease of all the other cell edge MSs due to the increased inter-cell interference associated with the use of BSC. If ΔC in > ΔC de , then the CCU will control the two BSs to perform cooperative MIMO transmission for the cell edge MS. Otherwise, BSC will not be used.
Channel Reallocation for Adaptive BSC
As mentioned in Sect. 4.1, the subchannels are allocated to the MSs according to the MSR scheme, in order to maximize the cell capacity. However, this conventional channel allocation scheme may not be appropriate for achieving the maximum capacity when using BSC, because the link capacity of the neighbor BS should also be considered for channel allocation. Therefore, in an attempt to further improve the performance of the adaptive BSC scheme, we propose to reallocate the subchannel according to MSR for BSC (referred to hereinafter as MSRB) scheme, in which a subchannel is allocated to the MS that can achieve the maximum capacity with BS cooperative transmission. For example, considering the case that a subchannel has been allocated to MS a according to the conventional MSR scheme, and BSC is selected for MS a according to the adaptive BSC scheme described in Sect. 4.1. In this case, in the sector that MS a is located, there may be another MS MS b that can achieve higher capacity with BS cooperative transmission than MS a due to better link quality from the neighbor BS. Therefore, reallocating the subchannel to MS b can achieve higher capacity, and this can be realized by using the MSRB scheme. Besides, since the BS's transmission power remains unchanged while reallocating the subchannel, the total inter-cell interference will not increase. Therefore, it is considered that the network performance can be improved by applying channel reallocation for adaptive BSC scheme. However, since the communicating MS a will lose the subchannel and stop the communication with BS, applying channel reallocation may be difficult in the practical systems. Figures 8 and 9 show the cell edge SE and average Jain fairness index among all communicating MSs, respectively. Figure 10 shows the percentage of MSs with BSC in all communicating MSs when using adaptive BSC scheme. In these figures, "FFR," "FFR+BSC," "Adaptive BSC," and "Adaptive BSC with MSRB" indicate the conventional FFR scheme, the BSC scheme, the adaptive BSC scheme, and the adaptive BSC scheme using channel reallocation, respectively.
Simulation Results
As shown in Fig. 8 , regardless of the cell edge SNR, the adaptive BSC scheme achieves better performance than the conventional FFR scheme and the BSC scheme. This is because the adaptive BSC scheme chooses the better scheme between the conventional FFR scheme and the BSC scheme. When the cell edge SNR is low, since BS cooperative MIMO transmission is not efficient for most MSs, only a few MSs select the BSC scheme, as shown in Fig. 10 . However, when the cell edge SNR is high, most MSs select the BSC scheme, because BS cooperative MIMO transmission is very effective in high-SNR environments. Furthermore, although the effect on capacity improvement is not so significant, adaptive BSC with MSRB achieves better performance than adaptive BSC. This is because, unlike conventional MSR, adaptive BSC with MSRB reallocates the subchannel to the MS that can achieve higher capacity when using BSC. However, it may be difficult to apply channel reallocation in practical systems as mentioned in Sect. 4.2. Figure 9 indicates that adaptive BSC and adaptive BSC with MSRB always improve the Jain fairness index, as compared to the conventional FFR scheme. Therefore, the proposed schemes can improve not only the cell edge SE but also the fairness of FFR networks.
However, in practical cellular networks, it is difficult for the CCU to learn ΔC in and ΔC de immediately. Actually, there should be some overhead, such as feedback from the MSs that use BSC and the MSs that suffer from increased inter-cell interference. Therefore, considering this overhead, the actual performance of the adaptive BSC scheme may be lower than that indicated by the simulation results.
Conclusion and Future Work
In the present paper, in order to improve the performance of FFR networks, we proposed an adaptive BSC scheme in which BSC is only performed for the cell edge MSs that can achieve a capacity increase with only a slight increase in inter-cell interference. In addition, a channel reallocation scheme, which further improves the performance of the adaptive BSC scheme, was proposed. Simulation results indicate that, compared to the conventional FFR scheme, the proposed schemes are effective for improving the performance of FFR networks.
In this paper, we only consider the case of using constant transmission power for each subchannel. However, using the power control scheme may improve the network performance, which can be recommended as our future work. Besides, the position of the edge area borderline and the way of time division for cell center and cell edge area may also affect the effectiveness of our proposals in FFR networks, which can also be considered as future work.
